The sequence of a 281-kbp contig from the crenarchaeote Sulfolobus solfataricus P2 was determined and analysed. Notable features in this region include 29 ribosomal protein genes, 12 tRNA genes (four of which contain archaeal-type introns), operons encoding enzymes of histidine biosynthesis, pyrimidine biosynthesis, and arginine biosynthesis, an ATPase operon, numerous genes for enzymes of lipopolysaccharide biosynthesis, and six insertion sequences. The content and organization of this contig are compared with sequences from crenarchaeotes, euryarchaeotes, bacteria, and eukaryotes.
Introduction
In 1977, Woese and Fox argued, from comparisons of ribosomal RNA (rRNA) sequences, that prokaryotes comprised two quite distinct monophyletic groups (Woese and Fox 1977) , now called Bacteria and Archaea (Woese et al. 1990) . Virtually everything we then knew about prokaryotes was derived from biochemical and genetic studies of Bacteria. The recognized Archaea were nobody's model organisms and were mostly, as extreme halophiles, extreme thermophiles, and (or) strict anaerobes, difficult to work with. As other molecular sequence data became available, they supported the rRNA result, as did comparative cell physiology and biochemistry; Archaea have characteristic cell walls different from those of Bacteria, unique membrane lipids, eukaryotic-like DNA replication machinery, and unique patterns of rRNA and tRNA modification.
Decades of neglect of archaeal biochemistry and genetics are being remedied by genome sequencing. The third completely sequenced prokaryotic genome was that of Methanococcus jannaschii (Bult et al. 1996) , a hyperthermophilic methanogen. Archaea now make up 16% (11 of 68) of the prokaryotic genomes listed as completely sequenced or in progress at the website of The Institute for Genomic Research (http://www.tigr.org/tdb/mdb/mdb.html). In contrast, citations containing the words "bacteria" or "eubacteria" outnumber those containing "archaea" or "archaebacteria" in the PubMed database by 100 to one.
A deep division within Archaea has long been accepted. Both ribosomal RNA and RNA polymerase sequence and structural comparisons completed by the beginning of the 1980s supported a closer relationship between methanogens and halophiles than between either of these groups and organisms like Sulfolobus or Pyrodictium, which were then called thermoacidophiles. In 1990, Woese, Kandler and Wheelis (Woese et al. 1990 ) dubbed the former grouping of methanogens and halophiles "Euryarchaeota" (the Greek prefix denoting broad or spacious in recognition of their differing phenotypes) and the former thermoacidophiles "Crenarchaeota" (the prefix meaning spring or fount, and reflecting the belief that thermoacidophily is primitive for Archaea and indeed for all life).
We now recognize that many crenarchaeotes are mesophiles or even psychrophiles, and certainly many species grow in non-acid environments (DeLong 1998). As well, it is possible that some archaeal isolates (korarchaeotes) will represent lineages that diverged prior to the euryarchaealcrenarchaeal branching (Barns et al. 1996) . Nevertheless, many phylogenetic analyses support this separation, and any full appreciation of archaeal genomic diversity must include adequate representation from the crenarchaeotes. Currently, only one of six completed archaeal genome sequences is from a crenarchaeote, that being Aeropyrum pernix. Here we present and analyze some of the results obtained from sequencing the genome of Sulfolobus solfataricus.
Materials and methods
The strategy employed for cloning, sequencing, and annotating the S. solfataricus P2 genome has been described previously (Sensen et al. 1998 ). However, some changes have been implemented within the last year. With the help of the Genoscope group in Paris (France), a BAC (bacterial artificial chromosome) library was characterized by end-sequencing and by mapping-bysequencing (Sensen 1999) to close the remaining gaps in the Sulfolobus map. For each gap in the circular map, a set of BAC clones has now been identified. The size of the S. solfataricus P2 genome continues to be estimated as being 3.0 Mbp. Sequencing is progressing steadily, and few BAC clones remain to be sequenced. Most of the sequencing should be completed by the end of 1999. The Sulfolobus project team has created a new website at (http://niji.imb.nrc.ca/sulfhome) that has links to project information and results.
Results and discussion
Two-hundred ninety-eight non-conflicting (i.e., not entirely overlapping) open reading frames (ORFs) are present in the 281 244 bp of sequence reported here (Fig. 1) , resulting in a mean ORF density of 1.03 per kbp. We include in this count all ORFs of at least 100 amino acids, as well as 15 smaller ORFs that substantially match entries in public databases. Based on sequence similarity with other genes or ORFs in other genomes, we have confidently assigned gene status to 221 (74%) of the 298 ORFs. A putative function could be assigned to only 144 of these genes, the rest being conserved hypothetical proteins (Table 1) . The remaining 77 ORFs may be presumed to represent a collection of Sulfolobus-specific genes, crenarchaeote-specific genes not found in Aeropyrum pernix, and non-coding ORFs. We expect the number of ORFs that do not find a match in the sequence databases to decrease as other crenarchaeal genomes are characterized.
A multi-genome comparison (Table 1) largely confirms the similarity previously seen between archaeal and eukaryal information-processing proteins, and between archaeal and bacterial metabolic enzymes Olsen and Woese 1997; Ragan and Gaasterland 1998; Lake et al. 1999) . Twice as many genes are exclusively shared with Bacteria than are exclusively shared with Eukarya, despite the recent completion of the genomes of Saccharomyces cerevisiae (more than 6000 ORFs, Goffeau et al. 1997) and Caenorhabditis elegans (more than 19 000 ORFs, C. elegans Sequencing Consortium 1998). Comparing entire archaeal genomes with the public databases in this manner, (http://ngi.bio.uottawa.ca/genomes.html), one finds that from 3 to 6 times as many ORFs are shared exclusively with Bacteria than are shared exclusively with Eukarya.
In the present sample of the genome of S. solfataricus, 12% of ORFs are exclusive to Archaea and Eukarya, 27% are exclusive to Archaea, and 25% are exclusive to Archaea and Bacteria, leaving at least 37% of S. solfataricus genes shared among at least some members of all three domains. This latter figure is likely to increase at the expense of the other numbers as more sequences become available. Considering the best match outside of the Archaea for the S. solfataricus sequences presented here, 60% are bacterial, 39% are eukaryotic, and 1% are viral. Half of the S. solfataricus genes in the 281-kbp contig most similar to eukaryotic sequences are identified as ribosomal proteins. Of the S. solfataricus genes that find matches in both the bacterial and the eukaryal domains of life, 44% have a best match outside the Archaea within the Eukarya. Thus we find no evidence, even in this region of the genome that is rich in genes involved in information processing, that the Archaea have a specific relationship with the Eukarya, at least at the level of overall sequence similarity (cf. Ragan and Gaasterland 1998) .
Detailed analysis of the patterns of shared inventory with each of the genomes, as listed in Table 1 , makes it clear that gene loss (and (or) sequence divergence past the point of recognition) and gene gain (both from other organisms and by the elaboration of gene families) have occurred. Synteny is restricted to only a few operons in some species, and larger genomes possess more sequences that find matches among S. solfataricus genes than do small genomes. The exceptions to this latter statement are the 1.55-Mbp genome of Aquifex aeolicus (Deckert et al. 1998 ) and the 1.86-Mbp genome of Thermotoga maritima (Nelson et al. 1999 ) which, among Bacteria, share the most genes with Archaea, and whose sequences are on average more similar to those from the Archaea than are those from any other organisms outside the Archaea.
As mentioned above, some 144 ORFs in this region can be securely identified on the basis of strong matches against database entries of assigned function. Five large groups of genes, encoding functionally related proteins, are apparent: 22 ribosomal-protein genes in an operon-like arrangement (c2010 through c1034); 10 enzymes coding for proteins involved in arginine biosynthesis (c0823 through c0811, not counting c0822a, a hypothetical protein also found in the Bacillus subtilis pur operon) together with the two subunits of carbamoylphosphate synthetase (c0810 and c0807) in an operon-like grouping; 6 genes coding for proteins involved in pyrimidine biosynthesis (c0834 through c0840) in two operon-like clusters; 9 enzymes involved in histidine biosynthesis (c0858 through c0849a) in an operon-like cluster; and 8 proteins of the archaeal (A-type) ATPase (c2140 through c2131) organized in two operon-like groups. In addition, at least eight enzymes, which in Bacteria are involved in lipopolysaccharide biosynthesis, are encoded within a span of 18.7 kbp (c3943 through c3940 and c3919 through c3923 in two operon-like arrangements, plus c3932).
Smaller functional groups are present in this region as well. Notable among these are adjacent genes encoding two subunits of replication factor C (c4005 and c4004) in an operon-like structure that also contains ORFs encoding a putative amidase (c4001), the proteasome β subunit (c4002), and a conserved hypothetical protein (c4003). Genes specifying two proteins of the proteasome α subunit occur within 25.4 kbp (c2029 and c2028). Two enzymes of molybdopterin biosynthesis are encoded by two ORFs (c1634 and c1633) which, although adjacent, occur on opposite strands. Genes encoding three enzymes of acetoacetyl CoA synthesis (c2216, c2218, and c2219) precede the gene for 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase (c2220) within a larger operon-like structure that extends from c2215 (conserved hypothetical protein) through c2221 (serine hydroxymethyltransferase).
Translational apparatus
With its 29 ribosomal proteins, an enzyme responsible for modification of ribosomal protein S6, five aminoacyl tRNA synthetases, 12 tRNAs, a translation initiation factor, a translation elongation factor, and a glutamyl tRNA amidotransferase, the present contig encodes an important fraction of the cell's translational apparatus.
Ribosomal Proteins
In all, 29 ribosomal proteins are encoded in the contig, 9 from the 30S subunit and 20 from the 50S subunit; most of these are clustered in a single group (Fig. 1) . In Table 2 we present a summary of the identities and phylogenetic relationships of these ribosomal proteins, compared against euryarchaeotal, bacterial, and eukaryal sequences. The highest degree of alignable sequence overlap (~81%) and the closest sequence identities and similarities found within that overlap are observed, as expected, with the euryarchaeotes. Moreover, all of the proteins have eukaryotic equivalents with high levels of sequence overlap (~74%) and high levels of identity and similarity. Comparisons with bacterial sequences revealed that 11 of the 29 proteins had no bacterial equivalent and that the remainder invariably showed lower levels of overlap (in the range 37-91%) and generally lower levels of identity and similarity within the overlapping regions, than for the corresponding eukaryotic proteins. The contig presented here also contains a homolog of the eukaryotic protein S26, which has not been found in Bacteria, and which we could not detect in any of the sequenced euryarchaeote genomes nor in the genome of the crenarchaeote Aeropyrum pernix.
Factors
Within this contig are also found genes which encode homologs of the eukaryotic initiation factor eIF-4A, that carries RNA helicase activity, and the elongation factor G/2 (De Vendittis et al. 1993 ).
tRNAs
The 281-kbp contig contains 12 tRNA genes, 4 of which (tRNA Tyr (GUA), tRNA Ser (CGA), tRNA Leu (UAA) and the tRNA Met (CAU) near position 260 kbp) contain archaeal-type introns. Although 7 of the 12 tRNAs are located within 11 kbp of each other, there is no apparent transcriptional clustering of these genes. It is already clear that the frequency of tRNAs that contain archaeal introns is much higher in S. solfataricus than that found for the sequenced euryarchaeotes; whereas 9 introns from 26 tRNA genes have already been found in the partial Sulfolobus genome (Sensen et al. 1996 ; results described here, and unpublished data), the numbers range from two to five in the complete euryarchaeote genomes that we examined (Table 3) . Moreover, only the tRNA Trp (CCA) (Sensen et al. 1996) contains an intron in each of these Archaea, four of which are of similar size. When these introns are aligned, they show around 50% sequence identity among themselves, suggesting that they may be homologous. The fifth, smaller intron, from Methanococcus jannaschii (Table 3) shows a partial alignment with each end of the larger intron type, suggesting that an intron duplication event may have occurred, similar to that which occurred for the M. jannaschii intron-splicing enzyme (Lykke-Andersen and Garrett 1997).
The archaeal tRNA introns, unlike their eukaryotic counterparts, do not occur exclusively at the +1/+2 positions 3′ to the anticodon; they have been detected at a variety of positions close to the anticodon and also in the extra arm (reviewed in Lykke-Andersen et al. 1997). However, each of the nine known Sulfolobus introns do occur between +1 and +2 nucleotides 3′ to the anticodon (Table 3) .
tRNA synthetases
Five putative aminoacyl tRNA synthetase genes are present in this region, and encode Ile-, Leu-, Pro-, Ser-, and Metaminoacyl tRNA synthetases. A sixth gene (c0824) resembles a methionyl tRNA synthetase as well.
RNA-modifying enzymes
Many of the post-transcriptional modifications in both the rRNAs and tRNAs of S. solfataricus have already been identified (Noon et al. 1998) . One of the modifying enzymes, an N-6 methylase (c2040) that matches closely with the bacterial 16S rRNA dimethylase KsgA and the homologous eukaryal 18S rRNA dimethylase DIM1 (Lafontaine et al. 1994) , occurs within the present contig.
Histidine operon
In a previous publication (Charlebois et al. 1997) , we reported the sequence and phylogenetic analysis of a cluster of histidine biosynthetic genes, present in this contig. Here, we elaborate on that report by discussing novel features found in the organization of the his genes in S. solfataricus. Apart from a 107-bp gap between hisH and hisI (which did not substantially match any sequence in the public databases), S. solfataricus P2 his genes are very tightly packed, and most overlap slightly (Charlebois et al. 1997) . One gene, encoding histidinol phosphate (HP) phosphatase (hisB px ), is missing from the set. In the γ -Proteobacteria Escherichia coli, Salmonella typhimurium, and Haemophilus influenzae, this gene is fused to the one encoding imidazoleglycerol phosphate (IGP) dehydratase (hisB d ) (Carlomagno et al. 1988; Chiariotti et al. 1986; Fleischmann et al. 1995) , creating a bifunctional enzyme catalyzing steps six and eight of the 10-step pathway. In many other organisms, HP phosphatase is encoded separately, suggesting that the fusion was a relatively recent event (Fani et al. 1994 for hisB px to be absent from a his operon, since this gene has not yet been found to be associated with other his genes except in the γ -Proteobacteria. In S. solfataricus the hisB px gene is either located at a different position in the genome, or it cannot be recognized due to a lack of sufficient sequence similarity: two explanations that have been put forward for the observed lack of only hisB px in the otherwise complete operon of Lactococcus lactis (Delorme et al. 1992) . It is interesting and noteworthy that of the 23 publicly available genomic sequences, all but E. coli and H. influenzae (both γ -Proteobacteria) apparently lack this gene. If it is unrecognizable relative to known hisB px (say that there had been an independent invention of an enzyme catalyzing the dephosphorylation of histidinol phosphate) the only candidate ORF in the S. solfataricus operon is c0849 (Fig. 1) , a weakly conserved hypothetical protein (Table 1). The problem invites biochemical characterization.
Euryarchaeotal his genes appear to be scattered across the genome (Bult et al. 1996; Cohen et al. 1992; Klenk et al. 1997 . Eukaryotic his genes are similarly unlinked, although several gene fusion events have created multifunctional enzymes Kuenzler et al. 1993; Legerton and Yanofsky 1985) , revealing an earlier linkage perhaps present in the prokaryotic ancestor. Bacterial his genes are often grouped together, with the his(B or B d )HAF(E or IE) cluster being particularly well conserved (Alifano et al. 1996; Fani et al. 1995) , although his genes are individually dispersed in Aquifex aeolicus (Deckert et al. 1998 ) and in Synechocystis sp. PCC6803 (Kaneko et al. 1996) . Our finding of a hisCGAB d FDEHI operon in the crenarchaeote S. solfataricus reveals a novel organization for histidine biosynthetic genes. None of the pairwise links between genes has been seen before, raising questions about the antiquity of the histidine operon, or about its stability. One familiar feature is, however, observed in the S. solfataricus sequence: a full and presumably bifunctional HisD whose domains must have fused before the existence of the last common ancestor.
Genes encoding enzymes of pyrimidine biosynthesis
The biochemistry of de novo pyrimidine biosynthesis is highly conserved among all organisms studied. Sulfolobus is no different; previous work has established the biochemistry in S. acidocaldarius (Grogan and Gunsalus 1993) . We have inferred that all of the enzymatic activities necessary for pyrimidine biosynthesis are encoded in the present contig. This includes the identification of the poorly conserved orotidine monophosphate decarboxylase (ODC, ORF c0834) adjacent to, and probably co-transcribed with, the gene for orotate phosphoribosyltransferase (OPRT). In addition, c0838 appears to be co-transcribed with dihydroorotate dehydrogenase and has electron transport protein sequence elements which suggest it is a dihydroorotate dehydrogenase -specific electron acceptor, similar to the one used by Bacillus spp. (in contrast to the use of ubiquinone and (or) menaquinone by E. coli). Highly similar gene sequences to c0834 and c0838 are also present in other archaeal genomes (Table 4) .
Although the presence of these enzymes in S. solfataricus was expected, their organization shows some interesting features. The single-copy (Grogan and Gunsalus 1993; Lawson et al. 1996) carbamoylphosphate synthetase (CPS) genes are located near (~20 kbp away from) the other genes involved in pyrimidine biosynthesis but appear to be co-transcribed with arginine biosynthesis genes. In S. solfataricus, the genes for all of the pyrimidine-specific biosynthesis enzymes are located in two operon-like structures in a 5.5-kbp region. In addition, gene order and the temporal position of the enzyme in the biosynthetic pathway are tightly correlated. As far as is known, S. solfataricus is unique in showing such a complete correlation. Table 4 shows the genes coding for enzymes in this pathway for several Bacteria and Archaea.
Analysis of putative transcriptional signals indicates two possible operons, one encompassing genes expressed for the first four steps of the pathway, and the other for the last two (OPRT and ODC). These are encoded on opposite DNA strands with the start codons separated by 70 bp; they thus must share a promoter region (Fig. 2) . Although this provides no direct insight into mechanisms of gene regulation, it seems likely that this 70-bp region may be integral to the mechanisms of regulating pyrimidine biosynthesis.
Four other ORFs (c0841-c0844) appear to be cotranscribed with the genes encoding pyrimidine biosynthetic enzymes. Interestingly, one of these (c0841) has sequence similarities to kinases. The generation of UTP and CTP, in most organisms studied, involves the sequential phosphorylation of UMP by UMP kinase and nucleoside diphosphokinase, and the conversion of UTP to CTP by CTP synthetase. While there is no outstanding sequence similarity between c0841 and UMP kinase, in light of the highly structured gene order, we can speculate that c0841 may be a UMP kinase. Furthermore, c0843 has weak sequence similarity to nucleoside diphosphokinases. The final ORF in the Genome Vol. 43, 2000
Note: -, indicates no intron present. Table 3 . tRNA genes containing archaeal introns. The data are summarized for the genomes of A. fulgidus (Af), M. thermoautotrophicum (Mt), M. jannaschii (Mj), and P. horikoshii (Ph). Nucleotide lengths of the introns are given together with the position relative to the anticodon; thus, (+1/+2) indicates between nucleotides 1 and 2 positioned 3′ to the anticodon.
putative operon (c0844) has strong sequence similarity to bacterial regulatory proteins and may be involved in regulation of this region. This pyrimidine biosynthetic region may be useful in generating a further system of genetic manipulation for extremely thermophilic Archaea. The restoration of uracil prototrophy by OPRT and (or) ODC has been used extensively as a selection system in yeast and E. coli. Attempts are underway to construct a shuttle vector system using OPRT and ODC for use in uracil-auxotrophic Sulfolobus spp. (D. Faguy, unpublished) .
ATPase operon
Three general types of related ATPases have been characterized. The F-type ATP synthase is present in all Eukarya and Bacteria, and was recently found in a euryarchaeote (Sumi et al. 1997) . The V-type ATPase is found in eukaryotic organelles, and has been detected in several Bacteria. Although the archaeal ATPases are closely similar to the Vtype ATPase at the sequence level, the biochemical properties of the purified enzymes are neither F-type nor V-type and they have consequently been named A-type ATPases.
Two divergent transcriptional units encode eight subunits of the S. solfataricus P2 A 0 A 1 ATPase. The first contains a single gene, atpI (c2140), which encodes the I subunit of the A 0 part of the enzyme. The second contains seven genes extending from atpF through to atpK (c2139, c2137, c2136, c2134, c2133, c2132a , and c2131, respectively; Fig. 3) , an arrangement closely similar to that published for S. acidocaldarius (Denda et al. 1990 ). There are two exceptions: an additional gene, atpF, is located at the beginning of the S. solfataricus operon, and atpE (see Fig. 3 ) is about 100 amino acids shorter in S. acidocaldarius. It is expected that atpI and atpF and the remainder of atpE lie upstream of the published operon of S. acidocaldarius.
Ten ATPase subunits have been identified in the sequenced euryarchaeal genomes. However, in contrast to the crenarchaeal A 0 A 1 -type genes, the euryarchaeal ATPase genes are organized in a single operon. The first gene of the operon, atpH or ahaH, is not present in the gene cluster identified in S. solfataricus, nor is it present in the immediate upstream or downstream regions. The gene atpC is also missing from this region of the Sulfolobus genome. Other organizational differences include the reversed order of atpE and atpF and the occurrence of atpK at the downstream end of the crenarchaeote operon (Fig. 3) .
The organization of genes in the euryarchaeal A 0 A 1 ATPase operon is identical to that in the V-type Na + ATPase operon of Enterococcus hirae, although the latter has an additional gene, atpJ, at the downstream end (Fig. 3) . At a sequence level, the most conserved subunits, A and B, of the euryarchaeal ATPase subunits, show 60-67% identity and 74-87% similarity to the Enterococcus V-type ATPase subunits, respectively, whereas they exhibit slightly lower values of 55-65% identity and 72-81% similarity to the Sulfolobus ATPase. Similar values are obtained when sequences of the other euryarchaeal ATPase subunits are compared with those of bacterial V-type ATPases and the Sulfolobus ATPase. However, when Sulfolobus ATPase subunits are compared to euryarchaeal and bacterial V-type ATPases, all of the Sulfolobus subunits were slightly more 
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carbamoylphosphate synthase small subunit closely related to their euryarchaeal counterparts than to the bacterial ones (1-2% more in terms of identity and (or) similarity).
DNA replication
There are five proteins directly or closely associated with DNA replication encoded in the present contig: a DNA polymerase (c2147), large and small subunit proteins of replication factor C (RF-C) (c4004 and c4005, respectively), Cdc6 (c4007), and Mcm (c4010). The DNA polymerase gene is one of three in the genome that have previously been described and has been identified as the B1 polymerase (Edgell et al. 1997) .
As with all other archaeal genomes sequenced to date, S. solfataricus contains a gene for a small and for a large subunit of RF-C. In eukaryotes, RF-C is a heteropentameric complex and functions to load the proliferating-cell nuclear antigen complex onto DNA (reviewed by Mossi and Hübscher 1998) . In bacteria, this clamp-loading function is facilitated by the related heteropentameric γ -complex. The two S. solfataricus genes overlap each other by 1 bp, suggesting that they are co-transcribed. The same gene order and close association is also seen for the RF-C genes of Aeropyrum pernix, Methanobacterium thermoautotrophicum, Pyrococcus abyssi, and Pyrococcus horikoshii, where they are separated by 202, 16, 14, and 9 bp, respectively. On the other hand, the RF-C genes of Archaeoglobus fulgidus and Methanococcus jannaschii are located on distant parts of their genomes. The S. solfataricus small subunit RF-C protein contains the seven conserved sequence boxes shared by all small subunit RF-C proteins, including archaeal and γ -complex proteins (Cullmann et al. 1995) . However, in box VII a normally invariant Cys residue is replaced by a Thr residue. This change suggests that this Cys sulfhydryl group in all other RF-C proteins is not involved in disulfide bridges, but rather may be an active group whose function can be maintained by the hydroxyl group of the Thr residue in the S. solfataricus protein. The S. solfataricus large subunit RF-C protein possesses the same conserved sequence boxes as other archaeal homologues of this protein and lacks the N-terminal ligase domain present only in the eukaryotic proteins. However, the S. solfataricus (Ruppert et al. 1998) , Methanobacterium thermoautotrophicum (M.t.) , Enterococcus hirae (E.h.) (Takase et al. 1994) , Sulfolobus acidocaldarius (S.a.) (Denda et al. 1990) , and Sulfolobus solfataricus (S.s.) (this work).
protein differs from other archaeal proteins in having a highly conserved Glu residue replaced by a Leu residue in box II, although precedents for a hydrophobic residue at this position exist in the Saccharomyces cerevisiae p140 protein, where a Val is present.
As with all other archaeal genomes sequenced to date, S. solfataricus contains a gene for a minichromosome maintenance (MCM) protein. Putative zinc-finger motifs are present in eukaryotic MCM2, MCM4, MCM6, and MCM7 proteins and appear to also be present in most of the archaeal homologues. However, the S. solfataricus sequence appears to contain an unusual zinc-finger domain of the form HX4CX21CX2C (Fig. 4) which is similar only to the other crenarchaeotal (Aeropyrum pernix) MCM protein.
In eukaryotes, the CDC6 and MCM gene products interact with each other as part of the DNA replication licensing system (reviewed by Dutta and Bell 1997) . Interestingly, these two genes are situated close to each other in the S. solfataricus genome but are transcribed divergently. The genomic organization of these two genes is not conserved in the other archaeal genomes sequenced to date. The region of DNA between the CDC6 and MCM genes contains a number of overlapping putative promoter sequences. This organization suggests that the expression of these genes may be coordinated through the use of shared regulatory regions, although in the absence of knowledge about such regulatory regions they are not discernable in the sequence. In addition, both genes are preceded by a single relatively small ORF with no notable sequence similarity to other proteins. The CDC6-associated ORF (c4008) is located only 36 bp upstream of the CDC6 start codon while the MCM-associated ORF (c4009) overlaps with the putative MCM start codon by 13 bp. The close association of these small ORFs with the CDC6 and MCM genes is suggestive of a function in regulating the transcription of the respective genes, however there is no indication of this function from the sequence of either protein.
Regulation of gene expression
Molecular analysis of the first steps in archaeal gene expression, the initiation of transcription, reveals that the RNA polymerase complex is markedly more related to the eukaryal RNA polymerase II than to its bacterial counterpart. In addition, some transcription factors involved in the proper docking of the RNA polymerase to a target promoter are homologs of the basic set of eukaryal transcription factors (reviewed by Bell and Jackson 1998) . Recent analysis of complete archaeal genomes suggests that at least in some instances, bacterial-like regulators may modulate the efficiency of the eukaryal-like transcription initiation machinery in Archaea. Previously, we reported the presence of a homolog of a bacterial global regulator, a leucine-responsive regulatory protein (Lrp), on a 100-kbp contig of S. solfataricus (Sensen et al. 1996) . On the chromosomal fragment presented here, an additional Lrp homolog (c0844) is present. Interestingly, this new Lrp-encoding gene is tightly clustered with a gene (c0845) that encodes another putative nucleic acid -binding protein. The latter polypeptide consists of two metal-binding domains, probably resulting from gene duplication. These zinc-ribbon motifs are most likely responsible for DNA binding, and share sequence similarity with several transcription-associated proteins: a small subunit in the eukaryal RNA polymerases I and II, as well as the Cterminal domain of eukaryotic transcription factor TFIIS (involved in transcription elongation), and bacterial topoisomerase I (Wang et al. 1998 ). As mentioned above, these two positive regulatory proteins are located downstream of the pyr operon. One additional gene (c1627) that apparently encodes a bacterial-like transcription regulator (an irondependent diphtheria toxin repressor) has been identified on this contig as well. The physiological role and (or) the identity of the target promoters of these putative transcriptional regulators remain to be established.
The regulation of archaeal gene expression is at present only poorly understood. However, it is obvious from the recently published archaeal genome sequences, as well as from the above examples, that bacterial and eukaryal features in combination form the basis for transcriptional modulation in Archaea. Whereas in Bacteria, specific transcriptional regulators are often located adjacent to their target gene (or gene cluster), it appears that such a spatial organization is less prevalent in Archaea. This certainly complicates the identification of a specific regulator that interacts with an available promoter, or vice versa. However, with the wealth of genomic information and with the ongoing development of genetic systems, the study of factors that control gene expression in Archaea will be a feasible goal for the near future. 
Insertion sequences and viral insertion sites
As reported earlier, the Sulfolobus genome contains numerous insertion sequences, including many which encode transposase-like proteins and at least one of which (ISC1078) has been shown to be mobile (Sensen et al. 1996) . In the contig reported here, seven insertion sequences, including two new types, can be found. Aside from the three copies of ISC1439, one of which is degenerate, there is one copy of ISC1228, one copy of the new element ISC1367, and a full copy as well as a partial copy of the new element ISC1174.
ISC1174 contains an ORF (c2209) weakly matching InsB from IS1, and a perfect 46-bp terminal inverted repeat. In addition to the full copy, another copy of ISC1174 can be found beginning at 126 bp from the 3′ end of the contig. ISC1367's largest ORF (c2234) bears no resemblance to known proteins. This element has a perfect terminal inverted repeat of 25 bp. Target-site duplications are not apparent flanking either element.
A tRNA Arg gene (GCG anticodon) near position 242 kbp ( Fig. 1) contains a 44-bp sequence at its 3′-end that corresponds to the genome insertion site of the Sulfolobus virus SSV1 that was originally isolated from Sulfolobus shibatae (Muskhelishvili et al. 1993) . Another copy of a tRNA Arg (pseudo) gene sequence, with mismatches only at positions 22 (C/T), 36 (G/T), and 46 (A/T), occurs at another location in the genome (between positions 38379 and 38453 bp of the 56105-bp contig reported in Sensen et al. (1996) ). It is unknown whether this constitutes an alternative insertion site for the virus.
